. The report was the result of a series of discussions held by the Board about the need for a cohesive national water resources research vision for the twenty-first century. That vision included research agenda setting, the coordination of research, and appropriate levels of public investment in water resources research. The Board developed a list of 43 high priority research topics which were cast broadly in recognition of the fact that the specific focus and emphases of resulting studies ought to reflect both the circumstances and the knowledge available at the time the research is undertaken. The Board arrayed these 43 topics in three broad categories: 1) water availability; 2) water use; and 3) water institutions. The categories were structured so as to be interrelated, with the notion of water availability emphasizing the fact that water quantity and water quality jointly determine water availability, while water use includes all of the factors that affect wants and demands for water. Water institutions were treated separately to highlight the importance of research on institutions and to acknowledge that institutional questions fall within the purview of a different set of disciplines than do questions of water availability and water use. The report also examined a range of issues related to how the nation should organize for water resources research (NRC 2001) .
Congressional interest in the findings of this report developed soon after its release. The fiscal year 2002 Interior Appropriations Bill was based upon a Conference Committee report which concluded, in part:
The managers concur with the House direction to contract with the National Academy of Sciences to examine water resources research funded by all Federal agencies and by significant non-Federal organizations.
The specific charge given to the National Academy of Sciences included four specific tasks:
Refine and enhance the findings of the Envisioning report Examine current and historical patterns of investment in water resources research and generally assess its adequacy Address the need to better coordinate the nation's water resources research enterprise Identify institutional options for the improved coordination, prioritization, and implementation of research in water resources Following the usual processes and procedures employed by the U.S. National Academies, the National Research Council appointed a thirteenperson committee of water resource scholars and experts who brought a diversity of perspectives and disciplinary orientations to the task. The Committee met five times, heard testimony from representatives of state and federal officials charged with managing the nation's water resources, surveyed the current state of water resources research, and authored a report entitled Confronting the Nation's Water Problems: the Role of Research (NRC 2004) . 2 The remainder of this article is devoted to an overview and summary of that report.
Why Another Water Research Initiative?
The history of federal support of water resources research shows a fluctuating pattern of response to scientific, political, and social movements. Early research was focused on describing the nation's water resources and illuminating the chemical, physical, and biological processes that characterized them. Some research consideration was given to the comprehensive development of the nation's waterways. Water quality problems, especially those linked to public health, were also the focus of early research efforts, which tended to be driven by scientific advances that led to an improved understanding of the causes of disease. Beginning in the 1930s, funding began to become available for research on the relationships between water and agriculture, the causes and cures of soil erosion, and all manner of engineering topics related to water resources.
In the aftermath of World War II, the report of Vannevar Bush, written at the behest President Franklin Roosevelt, concluded that the country would benefit if the kind of government-sponsored research that had been critical to the war effort was brought to bear on important problems of health and welfare. Bush recommended further that federal support be provided for both basic and applied scientific research. His report is widely thought to have triggered a significant expansion in all areas of federallysupported work in the post-World War II period. Although the immediate effect on water resources research was quite modest, recommendations from a Senate Select Committee on Water Resources, the National Academy of Sciences, and the Federal Council for Science and Technology ultimately led to enhanced funding for water resources research, beginning in the early 1960s.
During this time and the decades that followed, numerous water research agendas were produced, following on the earlier efforts of the Senate Select Committee. In 1966, a subcommittee of the federal Council for Science and Technology, called the Committee on Water Resources Research (COWRR), published a ten-year agenda for federal water research. In the early 70s, the thrust of the national water strategy changed from a focus on the physical development of water supplies to a focus on environmental issues related to the development and management of water resources. Congressional directives related to the Clean Water Act and other environmental legislation of the time led to research focused on the support of regulatory activities to maintain and enhance the environment. The National Water Commission, which had been authorized by the Congress in the late 1960s, also produced a comprehensive water research agenda. Although some of these agendas were revised and updated, perhaps the most striking feature of them was the extent to which similar topics tended to appear and reappear in different agendas over time. Several conclusions emerge from this history. First, the reappearance of topics again and again suggests that the recommended research was not and is not being done. Topics recommended in the first postWorld War II agendas still appear on modern agendas because they remain relevant and have not been attended to. A second conclusion that emerges from this history is based on the extensive fragmentation of the federal water resources research enterprise. There are no less than 17 federal agencies with interests in water resources and yet there is no structure in place to coordinate and integrate the agendas of different agencies and groups. The setting of the water research enterprise is highly decentralized, ad hoc, and lacks coordination of any kind. Why, in the face of this somewhat dismal record, does another foray into the general area of water resources research initiatives offer more prospect of success than those of the past?
The answer to this question is in three parts. First, past federally funded research has been effective in solving water problems and in supporting waterrelated regulatory activities. Problem solving research includes: the development of strategies to manage salinity in irrigation (ASCE 1990; NRC 1989) ; the facilitation of voluntary water transfers as a means of addressing water scarcity (NRC 1992) ; and the development of the science on which the forecast of El Ninos and other longer term climatological phenomena is based (NOAA 2002) . Research that has effectively supported regulatory activity includes: investigations leading to the understanding of the causes of eutrophication; work leading to the characterization of the risks posed by methyl mercury in the environment; and work that identified correctly the causes of nitrogen loading in Chesapeake Bay thereby "...'correcting' the scientific bases on which regulations would ultimately be based" (Sims and Coale 2002) .
Second, these examples help illustrate the purpose of a federal role in supporting such research. Much water resources research has the characteristic of a public good. That is, once the research is concluded the results are freely available to many or all, irrespective of whether recipients pay. Those who produce the public good (research) are not able to capture all of the returns from that research because the research itself is not patentable or licensable. This means that investment in water research is either absent or sub-optimal if left to the private sector. As the previous examples show, the benefits of research tend to be widespread and have resulted in an increase in the aggregate productivity of water both regionally and nationally.
Third, water and water problems are becoming more critical every day. In the coming decades no natural resource may prove to be more critical to human well-being and health than water. Yet, a future water crisis is unlikely to materialize as a monolithic catastrophe that threatens the health and/ or economic welfare of large numbers of people. Rather, the emerging water crisis will be the sum of many water problems at regional and local scales. Problems include the need to preserve the quality of drinking water supplies, finding sufficient water to support both economic growth and the environment, finding ways to make responsive and effective water policies with a modern context, to maintain and enhance water quality, and to create water management systems that can be adapted to climate change. It is important to recognize that these water problems in their modern context are pervasive and not confined to the semi-arid West, as the interstate conflicts over new water supplies for the metropolitan Washington, D.C. and Atlanta areas attest.
Many of the growing number of water problems illustrate how the making of good decisions about water issues will require scientific understanding. Such scientific understanding can be gleaned only by continuing to invest in water resources research in ways that optimize the effectiveness and productivity of each research dollar. The growing complexity of water problems only reenforces the need for new scientific information upon which to base new and innovative solutions. Although the number, complexity and severity of water problems is growing, investment in scientific research needed to better understand water problems and to devise appropriate ways of managing these problems has stagnated over the last four decades. Much of the current federal and state research agenda is focused on short-term problems of an operational nature and too little research is focused on the kind of fundamental, integrated, and longer term research that will be needed to successfully address current and emerging water problems.
Much of the research needed to solve tomorrow's water problems should be initiated today. Basic and fundamental research done today provides the foundation for the applied research that will be needed a decade hence. The type and quantity of research needed are unlikely to be adequate if no action is taken at the federal level. In past years the devolution of responsibility for water research to the states has resulted in the neglect of long-term research, the further diffusion of research efforts and, as the states have testified (NRC 2004) , inadequate financial investment in water resources research. These circumstances are explained largely by the fact that states and nongovernmental organizations have both limited incentives and limited financial resources to invest in water resources research. If a truly comprehensive, well integrated, and adequately financed research effort is to be undertaken, it will have to be undertaken by the federal government. While a vibrant and robust research program by itself will not be sufficient to guarantee that all current and emerging water problems can be solved in an efficient and timely fashion, the Committee concluded that the knowledge and insight gained from a comprehensive program of water resources research offers society its best hope for success in dealing with such problems.
The Research Agenda: A Case of Evolving Priorities
The Committee reviewed various water research agendas that had been prepared around the turn of the century and concluded that the 43 topic agenda which the Water Science and Technology Board set forth in the Envisioning the Agenda for Water Resources Research in the 21st Century (NRC 2001 ) was the best current statement of research needs. The Committee acknowledged, however, that
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the list should be expected to change as circumstances and knowledge evolve. Indeed, an important feature of any revitalized federal program of water resources research will be regular review and revision of the entire portfolio of water resources research.
Additionally, the Committee noted that the review and revision of research priorities should be carried out with reference to an explicit set of criteria. The Committee offered the following criteria for updating the national research agenda:
1. Is there a federal role in the specific research area? A federal role is appropriate in those research areas where the benefits of research are widespread and do not accrue only to those who fund the research. It will also be important to consider whether the research in question can be addressed by institutions other than the federal government. 2. What is the expected value of the research? How important are the research results likely to be, either in terms of direct problem solving or in advancing fundamental knowledge of water resources.
To what extent is the research of
national significance? National significance is greatest when research: 1) addresses issues of large scale concern; 2) addresses issues driven by federal legislation or mandates; and 3) results in benefits that are widespread.
Does the research fill a gap in knowledge?
Research that fills knowledge gaps should be accorded higher priority than research that is duplicative. 5. How well is the research area progressing? The adequacy of efforts in a given research area can be evaluated according to: 1) current funding levels or trends in funding levels; 2) whether the issue is part of the agenda of one or more federal agencies; and 3) whether prior investments in this type of research have produced results. 6. How does the research area complement the overall water research portfolio? The overall research portfolio should be balanced among fundamental and applied research, short-term and long-term research, agency-based contract and investigator driven research, and research that addresses both national and regional problems. It should also be balanced between the water availability, water use and water institutions categories set forth in the Envisioning report.
The Committee also set forth four themes that should guide and be evident in the conduct of future water resources research:
1. Research will need to be interdisciplinary in nature. The need for expertise from different disciplines to solve water problems has been widely recognized and there have been repeated calls for collaborative, interdisciplinary approaches to research (Cullen et al. 1999; Naiman and Turner 2000; Jackson et al. 2001 ). 2. Water research should be guided by a broad systems approach which acknowledges that the linkages among various components of the system are as important as the components themselves. 3. Water resources research should acknowledge and specifically account for uncertainty. Uncertainty is inherent to all research but it can and should be managed by describing the degree of uncertainty in research results thereby adjusting the expectations for use of data and models (Funtowicz and Ravetz 1990; Dovers et al. 2001 ). 4. The complexity of water resource problems and the changing contexts in which they occur means that adaptability will be important in designing research. That is, models and results that can be adapted to different locales and different sets of circumstances will need to be the rule rather than the exception. These themes and criteria should be employed in periodic reviews and revisions of the nation's water research agenda. Periodic review and revision will help to ensure that the water research agenda is upto-date and fully responsive to modern water problems. The use of the themes and criteria will ensure that the research agenda is balanced and
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appropriately formulated and that research dollars are spent as efficiently and effectively as possible. Research priorities based on the four overarching themes are more likely to promote flexible, adaptive and timely responses to unique or unexpected problems than are research programs based on priorities that are developed solely to address the missions of the federal water management agencies.
Patterns of Investment in Water Resources Research
The Committee undertook a survey of water resources research funding in an effort to understand how the levels of investment and the mix of research had varied over time. A survey research instrument was designed with reference to a similar instrument used by the Federal Coordinating Committee on Science, Engineering and Technology (FCCSET) which conducted a water resources research appraisal annually between 1965 and 1975. The original FCCSET research categories were retained and one new category, Aquatic Ecosystem Management and Protection, was added. The eleven research categories, as modified, are listed in Table 1 . The survey research instrument was sent to the 17 federal agencies with responsibilities for water research, three non-government organizations with substantial (more than $3 million annually) programs of water research, and the four largest water resources research institutes located at the nation's land grant colleges (Table 2) .
Agency representatives worked with the Committee in designing and pre-testing the survey instrument to ensure that the design was optimal.
The survey elicited information from the agencies on total research expenditures for fiscal years 1999-2001 in each of the eleven categories. In addition, each of the respondent agencies was asked to discusses current and projected research activities; to indicate how they evaluated research performance; and to describe the mix of research in terms of the balance between fundamental and applied research, the mix of internal and external research, and the balance between short-term and long-term research. The results were subjected to a careful uncertainty analysis (reported in an appendix) which demonstrated that there was a high probability that the conclusions were correct.
As shown in Figure 1 , the total level of federal investment in water resources research, when, adjusted for inflation, was about the same in the 1999-2001 period as in the middle 1970s. In constant, 2000 dollars, that level of investment would be $700 million annually. The Committee noted that while funding levels in the FY 1999-2001 period were nearly identical to those in the early and middle 1970s, actual funding had declined from the earlier period inasmuch as the new category-aquatic ecosystems management-did not appear in the earlier survey. Moreover, the data show that total annual funding did not parallel the growth in economic and demographic factors such as population, gross domestic product, or budgetary outlays. This evidence is presented in Figure 2 .
Five agencies-the National Science Foundation, the U.S. Geological Survey, the U.S. Department of Agriculture, the Environmental Protection Agency and the Department of Defense-accounted for about 87% of the water resources research funding Figure 3) . The categorical breakdown, as shown in Figure 4 , indicates that nearly three-quarters of the funds were invested in three categories: the water cycle, aquatic ecosystem management, and protection and water quality management and control. Perhaps more importantly, the categorical breakdown shows that the topical balance has changed since the 1965-1975 period in ways that make the present mix in the research portfolio inconsistent with current priorities. Specifically, the Committee found that the categories of: water demand/use,water law and other institutional topics, and water supply augmentation/ conservation were significantly underfunded given current priorities. The Committee concluded that while the total investment of $700 million dollars might be adequate, the ad hoc, and independent nature of the processes now employed to establish agency research agendas and the lack of coordination means that the productivity and effectiveness of the research investment is less than it might be. It concluded, moreover, that 10% of the water research budget should be devoted to the underfunded topics in the areas of water use and water management institutions. Funding support for this research should come either from reallocation of the existing research budget or from a $70 million augmentation. The Committee recommended further that of the $70 million, $50 million should be devoted to the water use category and $20 million to the water institutions category.
Finally, the Committee noted that the lack of funding for the water use and institutions categories appeared to be at least partly the result of the fact that research in these areas did not clearly fall within the mission and domain of any of the 17 federal agencies with responsibilities for water research. Accordingly, a further recommendation urged that the $70 million in funding for these categories be distributed through a national, peer reviewed, competitive grants program. The Committee also noted that the current research portfolio was out of balance with respect to the mix of basic and applied research and recommended that between one-third and one-half of the portfolio be devoted to basic or fundamental research.
Data Collection
Initially, the Committee construed its assignment to require a focus on research questions and issues related to the collection and management of water resources data were to be left to others. However, in the course of its deliberations, the Committee noted time and again a continuing pattern of disinvestment in water data gathering activities. More specifically, the Committee noted that key legacy monitoring of streamflow, groundwater, sediment transport, water quality and water use have been in substantial decline and in some cases nearly eliminated. The consequences of continuing the present policy of neglect associated with water resources monitoring will be very serious and will significantly constrain the nation's ability to carry out water resources research needed in the future. The Committee acknowledged that data collection does not have large political appeal but cautioned that the continued neglect of this activity would have large adverse consequences. 
Organizing for a Coordinated Research Program
The many looming water crises across the United States and the current difficulties in addressing them suggest that the $700 million spent annually on water resources research is not sufficiently focused and is not effectively addressing national needs. The sum of individual federal water agency research priorities is not a truly comprehensive list of national water resources research needs. Water resources research across the federal enterprise has been largely Aquatic ecosystem management and protection 23%
Scientific and technical information 0.2%
Manpower, grants, facilities 4%
Engineering works 9%
Resources data 1.3% Water resources planning 1.5%
Water quality management and protection 28%
Water quantity management and control 7%
Water supply augmentation and conservation 2%
Water cycle 22% Nature of water 1.6% Figure 4 . Category breakdown of FY2000 funding.
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uncoordinated for at least three decades despite numerous ad hoc efforts to engage in interagency coordination. Given the competition for federal dollars generally and for federal research dollars specifically, the nation can no longer afford to allocate its water resources research dollars in a highly decentralized fashion in which preference is too frequently given to short-term, operational issues at the expense of the fundamental research and the more programmatically diverse portfolio needed to address both current and future water problems. The Committee identified a substantial list of coordination actions that will be needed if the nation is to address its water problems in a cost-effective and meaningful way. There is compelling need to conduct regular surveys of water resources research using input from federal agency representatives, much like the survey reported by the Committee. These surveys are essential if the magnitude and mix of investment in water resources research are to be understood and subject to revision as priorities and problems change. Similarly, it will be important to advise both Congress and executive offices such as the Office of Management and Budget (OMB) on the long-term national water resources research agenda every three to five years. Congress and OMB will also need advice from time to time on the adequacy of the mission driven research budgets of the federal agencies. Finally, Congress and OMB will need advice from time to time on the key priorities for a competitive grants program that will foster research on water institutions and water use as well as other types of research that is needed but does not fall within the purview of federal agency research programs. In addition, there will be a need to coordinate the entire set of research review processes and agenda-setting processes with the states, industry, and other stakeholders.
None of these coordination tasks are being done adequately, if at all. Virtually all of the current water research agenda setting activities are ad hoc and independent of each other. One result is that the water resources research program is less productive and effective than it might otherwise be. Another result is that the nation's water resources research programif continued in its current mode-will almost surely fail to deliver the knowledge needed to address successfully the many new and complex water problems confronting the nation. The Committee concluded that for these reasons a strong coordinating body is needed to guide and revise the national water research agenda and to oversee this research. The Committee concluded that to be effective and sustainable the coordinating body will need to draw upon a community of experts that is broader than those housed in the agencies themselves. Moreover, that broad community of expertise will need to be integrated into existing processes, to the extent feasible. Several options were considered for providing coordination among the multiple research and user communities and advising Congress and OMB on the key long-term priorities for the national water research agenda. Each of those options would increase the likelihood that at least some of the data collecting, information sharing, and national priority setting activities might be implemented. Three specific options were considered.
Option 1: Use Existing Arrangements. The National Science and Technology Council has empaneled a Subcommittee on Water Availability and Quality that is composed of representatives from all federal agencies with responsibilities for water resources. Currently, the Subcommittee appears to be functioning effectively in sharing information about water resource programs among the agency representatives. To date, the activities have not extended beyond information sharing. The charter of the Subcommittee calls for it to set national agendas for water resources research. Pursuit of this part of the charter is one way in which coordination could be achieved. This option would have the advantage of utilizing arrangements that are already in place, arrangements which include all of the pertinent federal agencies. Under this option the competitive grants program could be situated in the National Science Foundation.
Although there are significant advantages associated with this option, there are also significant shortcomings. The charter of the Subcommittee would have to be expanded and strengthened to provide incentives for the Subcommittee to look beyond the missions of the federal agencies. New funding would be required to allow the subcommittee to make a budget call and to support the staff needed to collect and analyze the data from the periodic surveys. In addition, it is not clear how the interests of non-federal stakeholders could be represented on the Subcommittee. Finally, the Subcommittee is little known outside of the National Science and
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Technology Council and is probably not known at all in Congress.
Option 2: Independent Water Resources Research Board. A second option would be to empanel an independent National Water Research Board with broad representation from the federal agencies, states, and the entire range of nongovernmental stakeholders. The composition of the Board would help to ensure that the entire range of research priorities would receive appropriate consideration, not just those of the federal agencies. The independence of the Board would allow it to articulate research needs beyond those associated with agency missions and ensure that appropriate emphasis is placed on the agendas for long-term research, in addition to those for mid-and shortterm studies.
The weaknesses associated with this option stem from the independence of the Board. Agencies might ignore the findings and recommendations and could come to resent such a Board should their budgets be tapped to support it. It is also possible that OMB might prefer to work within the existing structure provided by the National Science and Technology Council. Finally, there would be guarantee that either OMB or the Congress would be inclined to take the advice of such a body.
Option 3: OMB-led Body. The third option is a melding of the first two and would entail the establishment of a formal water resources research body which would be comprised of senior level officials from federal agencies and would be led by a senior official from OMB. This OMB-led group could establish an Advisory Committee which would include a broad range of stakeholders and would provide advice to the OMB. The advantages of this model lie with the fact that the coordinating activity would be formally tied to the budget process. OMB is the only federal agency in a position to implement budget based coordination and crosscutting programmatic functions. It is legitimate to ask why OMB should perform this multiagency coordination function when there are other multiagency research programs throughout the government that are not similarly proposed for such coordinated activity. The answer rests with the fact that water resources research stands out as particularly in need of repair because of the sheer number of federal agencies involved, the critical importance of water to the economy, and the history of fragmentation in research activities by agency mission rather than by broader national and regional research priorities.
A crucial strength of this approach lies with its connection to the budget process. This is also a weakness, however, as OMB may not have an interest in giving the senior level Committee free reign to devise an agenda because of the resulting costs associated with the support of such an agenda. The search for an unbiased development of a list of national water research priorities might not always be consistent with administration budget policies or policies governing federal programs of research as a whole. Although there is precedent for having OMB perform this type of program (in the general area of geosciences) there may be a general reluctance to go further with this particular type of organizational structure within OMB since it represents a substantial departure from the way in which OMB has traditionally operated.
The Committee concluded that it had no special expertise which would allow it to chose among these three coordination options. Rather, the decision should be left to federal level decision makers who are likely to choose the mechanism that meets perceived needs at acceptable levels of effort and funding. It is possible also that options not delineated here may ultimately be selected as superior, or some combination of these three options could prove attractive. While it is likely that federal agencies and others may continue to resist coordination efforts, the absence of such efforts will make it difficult, if not impossible, to develop a coherent strategy for investment in water resources research and to facilitate the development of the type of interdisciplinary, large scale research effort that will be needed to deal with future water problems.
Conclusions
The provision of adequate supplies of clean water serves not only basic and essential physiological needs. Clean water, in adequate quantities, is a matter of national security and it contributes significantly to the nation's economy as well as to the health of the environment. Thus, the provision of adequate water supplies of appropriate quality is one of the important strategic challenges the nation faces. The competition between and among all uses of water grows ever more intense and approaches gridlock
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in many areas. Threats to water quality abound. The specter of climate change looms and threatens to change fundamentally the availability of water. If our water problems are to be addressed in an effective and timely way, new scientific information will need to be made available. A reinvigorated and integrated program of water resources research will be critical in the development of such information.
Approximately $700 million is spent each year on water resources research. However, that research is not sufficiently focused and integrated to address national needs effectively. Current and anticipated problems in maintaining and enhancing the nation's water resources cannot be solved in the absence of a well thought-out, comprehensive national water research strategy. Federal agencies appear to be performing their mission-driven research satisfactorily. Yet, much of this work focuses on short-term problems which are frequently operational in nature. One consequence is the neglect of cross-cutting issues, longer-term research, and the basic research that will be needed to solve the water problems of the future. Many of the most pressing and expensive problems expected to confront the nation will require perspectives broader than those of water management agencies because they extend across the scope and authority of any single agencies. In addition, the current investment will need to be either augmented or reallocated to ensure that research on water demand and use and water institutions is funded at appropriate levels. Ten percent of the total federal investment in water research should be allocated to these categories. Success in confronting the nation's myriad and mounting water problems requires that we get more from scarce water research dollars. In order to ensure that federal water research dollars are contributing as efficiently and effectively as possible to solving the nation's water problems both the legislative and executive branches of government will have to insist on the development of wellintegrated and well coordinated program of water research whose agenda is national in nature and transcends more narrowly focused agency agendas. The problems of coordination and integration are unlikely to be solved without a concerted effort by leaders in Congress and the administration. These problems are solvable and failure to solve them now will sentence the nation to a costlier, more difficult future than need be the case.
